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several areas of the brain and cerebellum, 
where it overlaps with group I metabo-
tropic glutamate receptors, especially 
Grm1. Th is proximity between CaSR and 
Grm1 has been analyzed, because amino 
acids and calcium reciprocally infl uence 
both receptors. Heterodimers of CaSR and 
Grm1 have also been demonstrated that 
can lead to signal enhancement, changes 
in sensitivity to agonists, and diff erences 
in traffi  cking of the receptors themselves. 
 Our group has described the use by 
podocytes of a neuron-like system of sig-
naling, 9 and we have recently observed that 
mice lacking one or both alleles of Grm1 
have podocyte alterations and higher pro-
teinuria than the corresponding wild 
type. 10 In podocytes, Grm1 colocalizes 
with nephrin, and its silencing causes 
disappearance of nephrin from podocyte 
processes and alters podocyte actin 
cytoskeleton. In view of these data, the rela-
tionship and the potential reciprocal infl u-
ences of CaSR and Grm1 at the glomerular 
fi ltration barrier could be worth studying. 
 Given the context-dependent nature of 
CaSR, the promising experimental results 
obtained by Oh  et al. 6 cannot be easily 
generalized, and experiments on primary 
podocytes and on diff erent experimental 
models will be required before better 
knowledge can be gained on the role of 
the receptor in the glomerulus. An induc-
ible podocyte-specific CaSR knockout 
model would be ideal to shed further light 
on the activity of the receptor at the 
glomerular fi ltration barrier. 
 The potential CaSR expression by 
mesangial cells needs further investigation 
as well. Previous data showed that  activation 
of CaSR induces mesangial-cell prolifera-
tion, certainly not a desirable eff ect in most 
human glomerular disease settings. 
 In summary, the data published by Oh 
 et al. open an intriguing chapter of inves-
tigation on podocyte biology that may 
extend our knowledge of the mechanisms 
used by this cell to control its intracellular 
calcium content and to properly respond 
to microenvironmental changes. 
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 Bone marrow-derived neutrophils repre-
sent the most abundant circulating leuko-
cyte population and are rapidly recruited 
to sites of tissue injury and microbial inva-
sion. Th ey play an essential, non-redundant 
role in wound healing and in the innate 
immune response to bacterial and fungal 
infection, as evidenced by the severity of 
neutrophil-specific inherited disorders 
such as chronic granulomatous disease. 1 
Neutrophil effector functions include 
phagocytosis and the triggered release of a 
broad range of bioactive products, includ-
ing reactive oxygen species, antimicrobial 
peptides, enzymes, cytokines, and chem-
okines — many of which are highly destruc-
tive of microbes and surrounding tissue 
alike. 1 Although frequently perceived as 
 ‘ blunt instruments ’ in terms of immuno-
logical specifi city, neutrophils are, in fact, 
highly regulated, interact extensively with 
other innate and adaptive immune cells, 
and participate actively in infl ammatory 
resolution and tissue repair. 1,2 
 It has been appreciated for some time 
that end-stage renal disease is associated 
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with defects in neutrophil function — pri-
marily reduced microbial killing capac-
ity — which contribute to increased 
infection rate in the chronic dialysis pop-
ulation. 3 In acute kidney injury (AKI) and 
acute uremia, the role played by neu-
trophil dysfunction is more complex. In 
the intensive-care unit setting, critically 
ill patients with AKI exhibit dramatically 
high risk for severe infection that exceeds 
that of comparable patients with pre-
served renal function. 4 While this obser-
vation is consistent with defective innate 
immunity in the setting of AKI, some 
animal model studies indicate that 
acute uremia leads to a systemic infl am-
matory response that results in damaging 
neutrophilic infi ltration of distant organs, 
including the lung, liver, and intestine. 5 – 7 
Furthermore, there is substantial evidence 
that inappropriate or overwhelming neu-
trophil activation participates in the 
development of multiorgan failure during 
acute sepsis — a common clinical cause of 
AKI. 8 In contrast, Zarbock  et al. reported 
that acutely uremic mice were partly pro-
tected from chemically induced acute 
lung injury by a mechanism that involved 
attenuated recruitment of  ‘ uremic neu-
trophils ’ to the damaged lungs. 9 Th us, it 
remains unclear whether the specific 
effects of AKI on  systemic neutrophil 
functions are predominantly stimulatory 
or suppressive. 
 Rossaint  et al. 10 (this issue) applied 
elegant  in vitro and  in vivo techniques to 
address this issue further with an empha-
sis on neutrophil traffi  cking in the setting 
of acute loss of renal function. Th e results 
provide evidence for discrete intracellular 
signaling abnormalities of neutrophils 
that occur within hours of renal func-
tional loss and attenuate neutrophil arrest 
on and transmigration through acutely 
infl amed endothelium. As a backdrop to 
this study, it is worth briefl y reviewing 
some of the key elements of neutrophil 
trafficking during systemic or local 
infl ammation. Phenomenologically, this 
process has been visualized as a series of 
coordinated stages consisting of (1) initial 
tethering (capture) and rolling of circulat-
ing neutrophils on activated endothelium, 
(2) transition to slow rolling followed by 
arrest of motion, (3) adhesion (spreading 
and strengthening of the neutrophil – 
endothelial cell interface), and (4) crawl-
ing and transmigration (either para cellular 
or transcellular) 2 ( Figure 1a ). Th e end 
result of this process is the rapid translo-
cation of neutrophils from the circulation 
to the extravascular tissues in large num-
bers and in a site-specifi c manner. Mecha-
nistically, the stages of this process have 
been linked to specifi c receptor – ligand 
interactions between neutrophil and 
endothelial cell and to several intracellu-
lar signaling pathways. 2 Th e mechanisms 
underlying the transition from tethering 
and rolling to slow rolling and arrest are 
of most relevance to the study of Rossaint 
 et al. 10 Th is involves the initial formation 
of high-on-rate / high-off-rate binding 
interactions between glycosylated ligands 
expressed by neutrophils, predominantly 
P-selectin glycoprotein ligand 1 (PSGL-
1), and P- and E-selectins expressed by 
endothelial cells. Intracellular signaling, 
mediated via PSGL-1-associated adaptor 
proteins containing immunoreceptor 
tyrosine-based activation motifs, then 
induces conformational changes to cell-
surface integrins, creating the condition 
for higher-affi  nity interactions between 
neutrophils and endothelial cells medi-
ated by integrin binding to adhesion 
receptors — typified by the interaction 
between leukocyte function-associated 
molecule 1 (LFA-1; CD11a / CD18) and 
intercellular adhesion molecule 1 (ICAM-1; 
 Figure 1  |  Inhibition of selectin-mediated slow rolling of leukocytes in acute uremia by 
reduced phosphorylation of intracellular signaling molecules. ( a ) The leukocyte adhesion 
cascade consists of at least five stages, as depicted: capture / rolling, slow rolling, arrest, adhesion, 
and transmigration. Initial steps are mediated by the interaction of selectins expressed by 
endothelium with glycosylated ligands expressed by neutrophils (represented by P-selectin 
and P-selectin glycoprotein ligand 1 (PSGL-1)). Intermediate steps are mediated by binding of 
integrin ligands on neutrophils with adhesion proteins on endothelium (represented by leukocyte 
function-associated molecule 1 (LFA-1) and intercellular adhesion molecule 1 (ICAM-1)). Additional 
signals in support of neutrophil arrest and adhesion are provided by binding of chemokines 
to G protein-coupled receptors on neutrophils (represented by CXCL1 and CXCR2). ( b and  c ) 
Representation of selectin-activated intracellular signaling pathways in neutrophils during  ‘ normal ’ 
inflammation ( b ) and during acute kidney injury ( c ) as suggested by the experimental results of 
Rossaint  et al. 10 Red Xs indicate specific signaling pathway components that were found to have 
attenuated phosphorylation following selectin-mediated neutrophil – endothelial cell binding. 
The circled area highlights the unknown status in this pathway of PSGL-1-co-associated signaling 
components known to be responsible for Syk phosphorylation (the Src-family kinase Fgr and the 
immunoreceptor tyrosine-based activation motif (ITAM)-containing adaptors FcR  and DAP12). 
PI3K, phosphatidylinositol-3-kinase; PLC  , phospholipase C-  . 
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CD54). 2 This key process, sometimes 
referred to as  ‘ inside-out signaling, ’ has 
been linked, in neutrophils, to a signaling 
cascade that consists, upstream, of the 
tyrosine kinases Syk and Btk and, down-
stream, of p38 mitogen-activated protein 
kinase (p38 MAPK) via phospholipase 
C-  (PLC  ) and of phosphatidylinositol-
3-kinase (PI3K) ( Figure 1b ). 2,11 Trigger-
ing of integrin-mediated slow rolling and 
arrest is also promoted by binding of 
chemokines such as CXCL1 to specifi c G 
protein-coupled receptors on the neutro-
phil cell surface. 2 
 Using intravital microscopy of blood 
vessels within the exteriorized cremaster 
muscles of mice 10 hours aft er bilateral 
nephrectomy or sham surgery, Rossaint 
 et al. 10 clearly demonstrate that acute loss 
of renal function is associated with com-
parable numbers of rolling neutrophils but 
with increased rolling velocity (that is, less 
slow rolling) and reduced numbers of 
adherent cells. Th e authors view this model 
as representing traumatic infl ammation 
resulting from surgical muscle exposure, 
but they also demonstrate that local instil-
lation of a more potent  proinfl ammatory 
stimulus  (lipopolysaccharide) was associ-
ated with similar changes to leukocyte 
rolling and adhesion in the uremic ani-
mals. Interestingly, chemokine (CXCL1)-
mediated arrest of neutrophils was not 
demonstrably altered in this  in vivo model, 
but the number of neutro phils transmi-
grating into the surrounding muscle tissue 
was reduced by more than 75 % . Switching 
to an autoperfused fl ow chamber system 
in which the status of specifi c receptor – lig-
and interactions could be analyzed, the 
authors demonstrated that circulating 
neutrophils of mice with acute loss of renal 
function had rolling velocity similar to 
that of neutrophils of sham-operated con-
trols on recombinant P- or E-selectin but, 
unlike those of the controls, failed to 
reduce rolling velocity in chambers coated 
with selectin plus ICAM-1. Importantly, 
neutrophil surface expres sion of the selec-
tin and ICAM-1 ligands PSGL-1 and 
LFA-1 was no different in uremic and 
non-uremic animals. Th e results to this 
point were consistent with an intrinsic 
defect of neutrophils in the setting of acute 
uremia that resulted in attenuated transi-
tion from selectin- to integrin-mediated 
endothelial binding. To solidify this con-
clusion, intracellular signaling events were 
analyzed by immunoblotting in bone mar-
row neutrophils of control and uremic 
mice following 10-minute binding to 
recombinant E-selectin. Convincingly, 
E-selectin-triggered phosphorylation of 
Syk, PLC  2, p38 MAPK, and Akt was 
shown to be diminished or absent in the 
uremic neutrophils (the latter indicating 
reduced PI3K activity). Overall, these 
results fi t with a model whereby the acute 
onset of uremia is associated with pre-
served selectin-mediated tethering and 
rolling of neutrophils on inflamed 
endothelium but defi cient transition to 
slow rolling as a result of inhibited signal 
transduction from PSGL-1 (and / or alter-
native selectin ligands) and its co-associ-
ated adaptor proteins to Syk ( Figure 1c ). 
Th e precise nature of this defect was not 
further elucidated. Some of the  in vivo 
results were suggestive of a separate defect 
in trans endo thelial migration, and this was 
confi rmed by an  in vitro assay in which 
neutrophils of acutely uremic mice 
migrated less frequently through an 
endothelial layer than those of non-uremic 
control animals. An indirect eff ect of solu-
ble factors was ruled out by pre-exposure 
of endothelial cells to uremic or control 
plasma. Beyond this observation, however, 
mechanistic analysis of the transmigration 
defect was not pursued in this study. 
 Taken together with the group ’ s previ-
ous report, 9 the current study of Rossaint 
 et al. 10 represents a comprehensive body 
of work that is technically impressive and 
convincingly demonstrates abnormalities 
of neutrophil traffi  cking that would be 
predicted to reduce neutrophilic tissue 
infi ltration and innate immune protection 
against invasive microbes during AKI. 
Th ese fi ndings remain diffi  cult to resolve 
with those of other researchers who report 
increased neutrophilic infi ltration in the 
distant organs of mice with AKI or bilat-
eral nephrectomy. 5 – 7 Although the 
authors draw a distinction between the 
infl ammation inherent in their peripheral 
tissue observations and the  ‘ remote 
healthy organs ’ analyzed in other reports, 
this explanation does not entirely 
ring true, as both AKI and bilateral 
 nephrectomy have been shown by others 
to be associated with an upregulation of 
 proinfl ammatory cytokines and chemok-
ines that contributed to tissue infi ltration 
by neutrophils. 5 – 7 Notably, the animals 
studied by Rossaint  et al. 10 were not exam-
ined for the neutrophil content of the 
lungs, liver, or other peripheral organs, 
and it remains possible that the defects 
associated with reduced neutrophil adhe-
sion and transmigration in the cremaster 
muscle are overcome at other sites by 
proinfl ammatory mechanisms associated 
with acute uremia. 
 Regardless of these incongruities in 
rodent models, Rossaint  et al. 10 add a vital 
additional component to their study by 
replicating some of their key fi ndings in 
whole-blood samples from septic human 
subjects with and without AKI. As with 
the animal model, neutrophils from septic 
patients with AKI demonstrated a failure 
to reduce rolling velocity in fl ow chambers 
coated with P- or E-selectin plus ICAM-1 
compared with those coated with selectins 
alone. In this human study it was also 
shown that plasma from subjects with 
AKI exerted an inhibitory eff ect on slow 
rolling of neutrophils from healthy sub-
jects, implicating a uremia-associated 
soluble factor or factors in inducing the 
traffi  cking defect. Th is fi nal component of 
the study greatly amplifi es the clinical rele-
vance of the group ’ s fi ndings to date in 
anephric mice. 9,10 Specifi cally, it indicates 
that the high susceptibility of acutely ure-
mic patients to life-threatening infection 4 
may be explained by a failure of circulat-
ing neutrophils to respond as normal to 
tissue-invasive bacteria and fungi. Fur-
thermore, the identifi cation of a discrete 
signaling abnormality, possibly induced 
by a soluble factor, raises the possibility of 
targeted therapy for this defect in the 
future. Certainly additional work is now 
merited to more precisely define the 
mechanism underlying the inhibition of 
selectin-mediated Syk phosphorylation in 
uremic neutrophils and to better under-
stand the additional defect in transend-
othelial migration. Th e recent identi fi cation 
of specifi c endogenous inhibitors of leuko-
cyte adhesion to endothelium (pentraxin 
3 and Del-1) may provide candidates in the 
search for mediators of these phenomena 
in AKI. 12 Further evaluation of the traf-
ficking of neutrophils to sites of actual 
microbial invasion and of their various 
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effector functions upon arrival will 
also now be of high interest in models 
of acute uremia and in human subjects 
with AKI. 
 In conclusion, these new fi ndings from 
a laboratory with a formidable record in 
the study of leukocyte traffi  cking are both 
exciting and provocative as regards the 
functional status of circulating neutrophils 
during acute uremia and sepsis with AKI. 
It now appears likely that sudden loss of 
renal function is associated with complex 
dysfunction of the normal neutrophil 
responses to injury and infection. Depend-
ing, perhaps, on context, site, and timing, 
the detrimental results may include both 
exaggerated neutrophilic infi ltration of 
peripheral organs and attenuated adhesion 
and transmigration of neutrophils in 
response to endothelial activation. 
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 Mechanistic explanation of the develop-
ment of systemic infl ammatory responses 
across a broad spectrum of non-bacterial 
diseases has emerged with the discovery 
of components of innate immunity 
against pathogenic bacteria — pathogen-
associated molecular patterns and patho-
gen-recognition receptors and one of 
their major components, Toll-like recep-
tors (TLRs) — and with the realization that 
this bacterial defense system can be 
 ‘ hijacked ’ by a host of molecules, alarm-
ins, that are usually released during 
infl ammation. Th is process has been con-
ceptualized by Matzinger as the  ‘ danger 
model. ’ 1 A member of the TLR family, 
TLR4, is especially promiscuous with 
respect to potential ligands and has been 
implicated in the pathogenesis of acute 
kidney injury. 2,3 Th e paper by Christo-
pher Lu ’ s group (Chen  et al. , 4 this issue) 
provides an excellent platform for dis-
cussing the complexity of danger / alarm 
signaling in the kidney. 
 First, the authors examined the course 
of acute kidney injury in two distinct 
strains of mice carrying spontaneous 
disabling  TLR4 mutation (C3H / HeJ and 
C57BL / 10ScNJ) and obtained strong sup-
port for the notion that participation of 
TLR4 is necessary to culminate in 
ischemic renal damage. Th en they asked 
which cell type — radiosensitive leukocytes 
or radioresistant epithelial and endothelial 
cells — is responsible for the TLR4-induced 
kidney damage. To answer this, the inves-
tigators created bone marrow chimeras 
between  TLR4   −  /  −   and  TLR4   +  /  +   mice. 
Ischemic damage was reduced compared 
with that in controls in both cases, that is, 
when bone marrow of irradiated  TLR4   +  /  +  
 TLR4 and HMGB1: partners 
in crime ? 
 Michael S.  Goligorsky 1 , 2 , 3 
 Chen  et al. confirmed the role of Toll-like receptor 4 (TLR4) in 
ischemic kidney injury using mice harboring spontaneous disabling 
mutations of the receptor and generated chimeras between  TLR4   −  /  −   
and  TLR4   +  /  +   mice. The major findings demonstrate the necessity of 
TLR4 in leukocytes, as well as in epithelial and endothelial cells, for the 
full-blown ischemic response and strongly suggest that the release of 
high-mobility group box 1 protein (HMGB1) from injured epithelia 
and / or endothelia activates leukocytes to generate proinflammatory 
cytokines, further exacerbating the injury to ischemic kidneys. 
These important findings provide an excellent platform for discussing 
the complexity of danger / alarm signaling in the kidney. 
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